With the movement towards the implementation of mechanistic-empirical pavement design guide (MEPDG), an accurate determination of pavement layer moduli is vital for predicting pavement critical mechanistic responses. A backcalculation procedure is commonly used to estimate the pavement layer moduli based on the non-destructive falling weight deflectometer (FWD) tests. Backcalculation of flexible pavement layer properties is an inverse problem with known input and output signals based upon which unknown parameters of the pavement system are evaluated. In this study, an inverse analysis procedure that combines the finite element analysis and a population-based optimization technique, Genetic Algorithm (GA) has been developed to determine the pavement layer structural properties. A lightweight deflectometer (LWD) was used to infer the moduli of instrumented three-layer scaled flexible pavement models. While the common practice in backcalculating pavement layer properties still assumes a static FWD load and uses only peak values of the load and deflections, dynamic analysis was conducted to simulate the impulse LWD load. The recorded time histories of the LWD load were used as the known inputs into the pavement system while the measured time-histories of surface central deflections and subgrade deflections measured with a linear variable differential transformers (LVDT) were considered as the outputs. As a result, consistent pavement layer moduli can be obtained through this inverse analysis procedure.
INTRODUCTION
Backcalculation of flexible pavement layer properties based on falling weight deflectometer (FWD) testing has been routinely used as a tool for evaluating the structural capacities of pavements. The FWD backcalculation of pavement layer properties is essentially an inverse problem with known input signals into a system and known output signals based on which unknown system parameters are identified [1] . It is therefore possible to backcalculate a pavement layers' properties based on a known load applied to the pavement and properly measured pavement responses. Pavement responses include surface deflection and measurements from instruments installed in the pavement system.
Traditional backcalculation of pavement layer moduli involves using the measured deflection basin data, i.e. peak pavement surface deflections measured at the location underneath the impact load of an FWD and locations with certain offsets from the load. The pavement layers' moduli are obtained through an iterative process by minimizing the differences between the theoretical deflection basin and the measured deflections. Numerous computer programs have been developed to automatically backcalculate pavement layer moduli based on FWD testing, such as MODCOMP, MODULUS, WESDEF, ELMOD, and EVERCALC. Most of these programs assume a uniformly distributed FWD load and rely on linear elastic theory to solve for the layer moduli. Over the decades, significant improvements have been made in backcalculating pavement layer properties with respect to both the forward modeling and inverse analysis techniques. Non-linear material models were incorporated into the forward analysis to simulate the stress-dependent nature of unbound pavement layers, while the FWD impulse load was closely modeled through dynamic analysis. Interfaces or contacts between pavement layers were considered to deal with the bonding conditions between pavement layers. On the other hand, techniques for inverse analysis have evolved from direct reversal of closed-form solution, regression analysis, database searching, and the increasingly-used optimization approaches [2, 3, 4, 5] .
Due to its significantly lower cost and greater mobility compared to FWD, the lightweight deflectometer (LWD)/portable falling weight deflectometer (PFWD) is increasingly used to test in-situ elastic modulus for quality control/quality assurance (QC/QA) of earthwork compaction. As a deflectometer-type device, various LWDs were developed and manufactured (mainly in Europe) (Hoffmann et al. 2004 ; Mooney and Miller 2009). The use of the LWD is primarily limited to homogenous unbound granular media instead of a layered pavement system. Using the measured peak values of load and surface deflection, the modulus is calculated on the basis of Boussinesq's theory by assuming a homogeneous, isotropic, linear-elastic half-space. Although some LWDs provide two radial deflection sensors, the majority of LWD usage is focused on one layer and a relatively homogeneous medium. Nevertheless, Senseney and Mooney [6] presented a successful example of using LWD with the aid of radial deflection sensors to backcalculate in-situ layer modulus for a two-layer system with a medium stiff soil lying over a soft clay.
The Genetic Algorithm (GA) is one of the stochastic search and optimization methods (Bäck 1996) . GA mimics the adaptive process of biological system, i.e. natural evolution and is a population based algorithm. Through the work by Holland in 1970s, the GA, based on the principles of natural biological evolution, have received considerable and increasing interests over the decades [7] . GAs operate on a population of potential solutions, applying the principle of survival of the fittest to produce successively better approximations to a solution. GA has been previously used to backcalculate pavement layer moduli, optimize flexible pavement design, and to develop performance prediction models [8, 9, 10, 11, 12] .
In this study, an inverse procedure was developed to backcalculate the properties of pavement layers on the basis of site-specific Finite Element (FE) modeling combined with the Genetic Algorithm. In this study, a lightweight deflectometer (LWD) was used to infer the moduli of an instrumented three-layer scaled flexible pavement model. Using the information of the recorded LWD data and measurements of the subgrade deflection from LVDTs, two types of inverse analysis based on either static or dynamic forward analysis were conducted to backcalculate the pavement layer properties as listed in Table 1 .
LWD TESTS ON INSTRUMENTED PAVEMENT MODEL SECTIONS 2.1. Test Section and Instrumentation
Two sets of test sections were constructed in a pit with reinforced concrete walls for an experimental program aimed at quantifying structural benefits of geogrids for flexible pavements built over two different types of soft soil subgrade [13] . Each set of test sections consists of three sections reinforced by different geogrids and one control section. Various instruments such as pressure cells, linear variable differential transformers (LVDTs), and potentiometers were involved to measure the pavement responses. The LWD was used as a tool both to estimate the pavement structural properties of the control section and to examine any additional structural capacity added by the geogrid reinforcements. This paper focuses on the use of the LWD as a tool to estimate the pavement structural properties with the aid of the deflection measurements from the LVDT.
The pavement model within the pit was 206 cm (81 in) long, 92 cm (36 in) wide, and 127 cm (50 in) deep ( Figure 1 ). The pavement model was constructed in the pit on top of a densely compacted 2.5-m layer of AASHTO No. 57 aggregate. The scaled pavement model was a three-layer flexible pavement structure: a 4-cm asphalt layer, a 10-cm aggregate base course, and a 113-cm soil subgrade layer as shown in Figure1-b. Two sets of flexible pavement models were built with the same dimensions and pavement materials except for the subgrade soil types and subgrade conditions. Two different types of soil were used as pavement subgrade: lean clay with sand (CL) and silt with sand (ML) (A-4(5) and A-4(4) according to AASHTO M 145 for the two soils, respectively). The two soils are designated as Soil 1 (CL) and Soil 2 (ML). A set of laboratory unsoaked CBR tests (ASTM D 1188) were performed for the soil at different water contents to compare the subgrade conditions constructed at different moisture contents. The soil was compacted at a water content greater than the optimum to induce soft soil subgrade conditions. The CBR value for the subgrades with Soil 1 and Soil 2 were approximately 2 and 1.5, respectively. Dense graded crushed stone was used as the pavement aggregate base layer. A standard Proctor test for the aggregates yielded an optimum moisture content of 3.9% and maximum dry density of 2329.1 kg/m 3 . The asphalt layer was constructed using surface mixtures with a maximum nominal aggregate size of 9.5 mm.
The deflection of the subgrade surface was measured by using linear variable differential transformers (LVDTs) (Macro Sensors GHSE-750-1000). The maximum travel distance of the push rod is 25.4 mm (1 in). The overall length of the LVDT is 29 cm (11.4 in). The linearity error of the LVDT is less than 0.06% and the repeatability error is less than 0.6 µm. Careful consideration was made of the appropriate instrument installation technique to ensure meaningful and reliable measurements. The LVDT was installed such that the pavement system experienced minimal disturbance, yet the LVDT itself was well-shielded from potential damage during construction and testing.
The LVDT was housed in a steel tube mounted on a concrete slab and placed in the desirable position prior to the construction of soil subgrade (Figure 1-b) . A thin yet rigid disk was installed onto the contact tip of the spring-loaded LVDT to provide sufficient contact area. The LVDT was totally immersed in the soil with its contact disk flush with the soil surface. The LVDT was sealed by using thin membranes to prevent intrusion of soil particles and moisture. The LVDT measured the total deflection of the subgrade, since the end of each LVDT was fixed with respect to the bottom of the subgrade. Figure 2 shows the lightweight deflectometer used in this study (PRIMA 100 manufactured by Carl Bro). The LWD consists of three major parts: a bearing plate of 300 mm diameter, a housing with load cell and geophone (seismic velocity transducer), and a drop weight. A load is applied to the pavement by dropping the drop weight on to the bearing plate. The impact force and velocity time histories are recorded. The velocity time history is converted into a displacement time history through a process of integration. The LWD applies loads ranging from 1 kN to 15 kN by varying the drop height and generates a load pulse of about 15 ms in the shape of a half-sine. The load and velocity time histories are recorded at a sampling rate of 16 kHz. The entire time-history Lightweight deflectometer (LWD) resting on top of aggregate base layer measurements of the load and deflection measurements were used in the dynamic linear backcalculation procedures in this study. The main purpose of the LWD tests was to measure the pavement responses to a known load and use the measurements to calculate the pavement layers properties through an inverse analysis procedure. The LWD was not able to yield meaningful measurements of the soil subgrade because the subgrade was too weak to experience an elastic deflection under the LWD load. LWD tests were first conducted on the aggregate base for the test section before constructing the asphalt layer. The LWD was positioned just above the location of the LVDT. Tests were repeated at least three times at each location to ensure the repeatability of the measurements. The LVDTs responses to each LWD loading were recorded. Following the same procedure, LWD tests were also conducted on the asphalt concrete layer.
LWD Testing

FINITE ELEMENT MODELING OF LWD TESTS 3.1. Assumptions of Axisymmetric Model
It is ideal to use a three-dimensional FE model to simulate the actual geometries of the pavement test sections. However, a three-dimensional model demands much more computational resources due to the increased number of elements. Knowing that the FE model will be called repeatedly during the inverse analysis, the cost of computational time and resources was considered when creating the FE models.
The approximation of the LWD load as a uniformly-distributed circular load led to axially symmetric loading conditions, which made it possible to employ simplified axisymmetric models for the geometric model of the test section. The axisymmetric models were expected to be more computational resources-saving than 3-dimensional models. Therefore, the test section was simplified and simulated as a 2-dimensional axisymmetric system using the general-purpose FE package ABAQUS ® . Figure 3 shows the plan view of one test section. Up to the nearest boundary with a radial distance of 46 cm, the problem is symmetric with respect to the axis passing through the center of the loaded area. Through the axisymmetric model, the rectangular block is now reduced to a cylinder -the circle in Figure 3 extruding into the plane of the page to the depth of the pavement. The body of the simplified cylinder can be generated by revolving a plane cross-section about the axis of symmetry as Figure 3 -b shows. For the two-dimensional axisymmetric model in ABAQUS ® , boundaries were assigned onto both the outer perimeter and the rotation axis, as well as the bottom of the model. It should be pointed out that boundaries were added to the symmetry axis in ABAQUS ® , although the axis physically is the central line of the cylinder and does not have boundaries. The nodes on the rotation axis and outer perimeter were restrained in the radial direction but allowed to move in the vertical direction. The nodes at the bottom of the model were restrained in the vertical direction.
Pavement materials in the FE models were assumed to be linear elastic although they may exhibit nonlinear behavior. For instance, the aggregate base typically shows stressdependence and the asphalt concrete exhibits time-dependency. Elastic modulus and Poisson's ratio were the only material inputs for the static analysis, and a Rayleigh damping ratio was assigned to each pavement layer during the dynamic analysis. Poisson's ratios for the asphalt concrete, aggregate base, and soil subgrade were assumed to be 0.30, 0.35, and 0.45, respectively [14] .
Static and Dynamic Analysis of LWD Load
The nature of the LWD load is dynamic. A dynamic analysis of a LWD test is more realistic than a static analysis. However, due to the complexity of dynamic analysis and its high computational cost, static analysis has been conventionally assumed in the practice of backcalculating pavement layers' properties. In this study, both the static and dynamic analysis of LWD tests was conducted for the purpose of comparison. For the static analysis, the peak value of the LWD load was used. The collected load time history data were used for the dynamic analysis. Discrepancies in pavement responses between dynamic and static analysis are expected for pavement systems with same layers' moduli due to inertial and damping effects. Figure 4 presents an illustration of the response of a single degree of freedom (SDOF) system subjected to an external dynamic load, in this case the LWD impulse load as a function of time. The equation of motion for the SDOF system with known mass, stiffness, and damping can be expressed as follows [15] :
where M is the mass of the SDOF system; C is the damping coefficient; K is stiffness; U, Ú, Ű are displacement, velocity, and acceleration, respectively; F(t) is the external load as a function of time measured with the load cell of the LWD.
In this study, the measured time-history load was applied to the pavement FE model. The dynamic equilibrium equation discussed above for the pavement system subjected to the LWD load was solved through time integration based on the central difference integration rule using ABAQUS ® /Explicit. The mid-increment value of velocity is determined from the known velocity, Ú (t − ∆t/2) and acceleration, Ű t from the previous increment:
The displacement at the end of the increment is calculated as:
The time increment in an explicit dynamic analysis is an important parameter. The analysis may not be stable and may not converge if the time increment is too large. More computational time is needed if smaller time increments are assigned. Therefore, it is necessary to estimate the stable time increment such that an appropriate time increment can be chosen. The stable time increment is evaluated based on the FE elements with the smallest dimensions [16] . The stable time is determined based on the smallest dimension and the wave speed of the material:
where L e is the smallest dimension among all the elements in the FE model; c d is the wave speed of the material. Single degree of freedom system subjected to a load F = F (t)
The wave speed c d can be estimated as [15] : (5) where E is the elastic modulus of the material; ρ is the density of the material.
The dynamic response of the pavement to the impact load from the LWD is the resultant effect of the spectrum of stress waves that propagate in the pavement. As previously stated, the pavement sections were modeled as axisymmetric with the outer boundary fixed in the horizontal direction. The stress wave is likely to impinge and reflect on the fixed outer boundary. However, during the LWD testing on pavement sections, the stress wave propagates beyond the distance between the load center and the FE outer boundary. It is necessary to address this phenomenon in order to have a simulation that more closely resembles the LWD testing.
Infinite elements are commonly used in FE modeling to simulate the far-field region, where the influence of the medium in the region is considered insignificant and is neglected. In this study, infinite elements were used as absorbing boundaries to transmit the impinging body waves generated from the impulse load. Infinite elements are able to transmit energy out of the finite element mesh without trapping or reflecting it [16] . The outer boundary of the finite elements in the FE model is not constrained but connected to the infinite elements.
INVERSE ANALYSIS USING GENETIC ALGORITHM 4.1. Inverse Analysis Procedures
A procedure in which the inverse analysis couples the Finite Element modeling and the optimization process was adopted in this study to backcalculate pavement layer properties (see Figure 5 ). Before starting the inverse analysis, reasonable initial assumptions of material properties were made for the FE model. The pavement responses were calculated from the FE model with the initial material properties. The calculated pavement responses were compared to the measured responses until the difference between them was minimized to a satisfactory tolerance.
The process of minimizing the difference between measured and calculated pavement responses was based on the optimization methodology, Genetic Algorithm. The optimization algorithm written in an open source programming language, Python communicates with the FE models created by using the ABAQUS ® Python scripts. Due to the nature of the optimization method, care had to be exercised to ensure the convergence was global. This was accomplished by assigning initial assumptions in a wide range and checking if the backcalculated results were similar among multiple runs.
In this study, the optimization variables/unknowns that need to be found through the inverse analysis procedure are the pavement layer elastic moduli. The Poisson's ratios were assumed and not considered optimization variables because they do not considerably influence the pavement response within the range of typical values.
The general procedure of optimizing pavement layer moduli can be mathematically expressed as follows:
Minimize:
Subject to:
Boundary constraints: L i ≤ x i ≤ U i ; Inequality constraints: g j (x) ≤ 0 f(x) is the objective function that needs to be minimized while x is the optimization variable within the feasible set S, i.e. a collection of all the points that satisfy the constraints. In this study, the objective function is the root mean squared error (RMSE) between the measured pavement responses from the LWD load and the calculated pavement responses from the FE model. Two measurements, base and subgrade deflections at the center of the LWD load, were used for the inverse analysis of the base-subgrade system to solve for two unknowns: E base and E subgrade . Three measurements -asphalt layer and subgrade deflections and vertical stress at the top of the subgrade -were used in the inverse analysis of the asphalt-base-subgrade system to solve for three unknowns: E asphalt , E base , and E subgrade . The objective function is defined as follows: Figure 5 .
Procedures of inverse analysis of pavement layers' moduli
where δ mi is the measured value of the pavement response, such as surface and subgrade deflections; δ ci is the calculated value of the pavement response from the FE model;
x is a vector containing the variables that need to be optimized.
In this study, the pavement layer moduli values are the optimization variables. The optimization variables fall into the search space S defined by the constraints. Broad yet reasonable bounds of the individual variables were specified as presented in Table 2 . The constraints among the variables were also applied to the optimization procedure: E subgrade ≤ E base ≤ E asphalt . The optimization search space was narrowed by defining the bounds and constraints.
Application of Genetic Algorithm
The objective function in the problem formulation of this study is discontinuous and non-differentiable. Therefore, the traditional gradient-based optimization methods such as steepest descent are not applicable to this category of problem because it requires the information about the gradient of the objective function. The Genetic Algorithm (GA) was adopted based on its well-recognized performance in solving difficult optimization problems and its successful application in pavements.
Unlike most direct search methods, the GA algorithm starts with a population of search points instead of a single point. The GA algorithm generally consists of the following steps [17]: 1.
Initial population. Many sets of individual solutions are generated as initial population. Based on the Latin Hypercube sampling technique, the population was randomly generated within the range of possible solutions. The population size is determined by the nature of the problem and number of variables. In this study, the population size was 20 and 30 for inverse analysis of the two-layer pavement and the three-layer pavement, respectively.
2.
Selection. A part of the existing population is selected according to their fitness. The selected population is called "parents" and has better chance to pass their gene to the next generation.
3.
Crossover and Mutation. A new individual is created by exchanging the genes between two randomly selected "parents". In addition to crossover, some individuals are randomly mutated to diversify the population. Through the process of crossover and mutation, a new generation is created. Convergence. The GA search process is terminated when certain criteria are met. In this study, the inverse analysis procedure is terminated when a specified minimum objective function value is found.
RESULTS AND DISCUSSION
Backcalculation of the pavement layers' moduli were carried out based on both static and linear dynamic analysis using peak measurement and time-history data, respectively. The backcalculation involved solving the FE models repeatedly until the convergence of the optimization procedures, which typically required a large amount of computational time and resources. It should be pointed out that other values for material properties in the FE model were assumed in addition to the elastic moduli that need to be backcalculated. The Poisson's ratios for the asphalt concrete, base layer, and subgrade were assumed to be: 0.3, 0.35, and 0.45, respectively [14] . Reasonable values were also assigned to damping ratios of the pavement materials during backcalculation based on dynamic analysis. The damping ratio for the soil subgrade is expected to be low, ranging from 0.01 to 0.03 [18] . In this study, the damping ratios for asphalt concrete, base, and soil subgrade were assumed to be: 0.06, 0.04, and 0.02. According to Uzan [19] , effects of damping ratios on backcalculating layers' properties are minimal. The mass density of asphalt concrete, base course, and subgrade soil were: 2247 kg/m 3 , 2100 kg/m 3 , and 1990 kg/m 3 . Figure 6 and Figure 7 show the iteration of the inverse analysis procedures for the two-layer and three-layer pavement systems based on static FE analysis. As expected, it took more iterations for the inverse analysis on the three-layer system to reach a satisfactory objective function value than for the two-layer system. The verification tests on the inverse analysis procedure showed the procedure is a viable process to find the pavement layer moduli. A total of five sets of backcalculation were carried out. Listed in Table 3 are the results from the inverse analysis on pavement layer properties. For the pavement model built on Soil 1, an inverse analysis for the base-subgrade system was carried out based on LWD tests conducted on the base course layer just after its completion. The pavement layers' moduli were then backcalculated using peak measurements from LWD tests on the asphalt layer. The elastic moduli values for the base layer and subgrade are different between the two sets of static inverse analysis (Run 1 and Run 2). The base layer and subgrade exhibit higher stiffness resulting from the inverse analysis based on the LWD tests on the asphalt layer. This indicates that the addition of the asphalt layer may have changed the confining conditions of the unbound layers and consequently increased the moduli of the unbound base and subgrade layer. The backcalculation results for the three-layer system show consistent and reasonable layer moduli values.
In addition to the backcalculation conducted based on linear static analysis using peak values of measurements, the pavement layers' moduli were backcalculated through linear dynamic models using measured time-histories of the LWD load and corresponding pavement deflection. Figure 8 shows the time histories of the measured load, measured deflection, and modeled deflection. The modeled deflection matches well with the measured deflection. It is noted that the backcalculated moduli of the upper layers-asphalt layer and base layer-are lower than those from backcalculation based on static analysis. Backcalculation based on static and dynamic forward analysis were carried out for the pavement model constructed over Soil 2. Measurements from the LWD tests were used as presented in Table 3 . The moduli of the asphalt layer and base layer from dynamic analysis based backcalculation are lower than those from static analysis as in pavement model with Soil 1. The backcalculated subgrade modulus in the pavement model with Soil 2 is lower than that in pavement model with Soil 1, which is consistent with the fact that the subgrade with Soil 2 was a weaker subgrade with lower CBR.
SUMMARY AND CONCLUSIONS
Two sets of three-layer flexible pavement models were constructed to have the same dimensions and same pavement materials except for the subgrade soil types and conditions. The subgrade layers were constructed at CBR = 2 (Soil 1) and CBR = 1.5 (Soil 2), respectively. These two flexible pavement models were instrumented with LVDTs to measure soil subgrade deflections. A lightweight deflectometer (LWD) was used to test the structural properties of the two flexible pavement models. Pavement surface deflection and subgrade deflection were recorded in response to the LWD impulse load. The measurements were then used in an inverse analysis procedure to backcalculate the pavement layers' moduli.
Results generated from the inverse analysis conducted on the two sets of flexible pavement models show reasonable pavement layers' moduli and consistency with the experimental measurements. The inverse procedure developed in this study showed that it is possible to backcalculate pavement layer properties based on known input signals (LWD load in this case) and any properly measured pavement response signals. Furthermore, the procedure showed the attribute of broad applicability by using commercially-available and general-purpose numerical modeling packages coupled with well-developed open source of optimization algorithms.
The study demonstrated that the use of LWD for QC/QA control on earth work compaction can be extended to evaluate the structural capacity of multi-layered flexible pavements. With the aid of pavement instrumentation, in contrast to FWD, the portable and relatively less expensive LWD can be an attractive and viable tool in evaluating and monitoring structural capacity of thin flexible pavements at the project level.
